Roseobacter litoralis OCh149 is a type strain of aerobic anoxygenic phototrophic bacteria in marine Roseobacter clade. Its full genome has been sequenced; however, proteomic research, which will give deeper insights into the environmental stimuli on gene expression networks, has yet to be performed. In the present study, a proteomic approach was employed to analyze the status of R. litoralis OCh149 in carbon starvation during the stationary phase and its responses to a dark/light regimen (12 h:12 h) in both exponential and stationary phases. LC-MS/MS-based analysis of highly abundant proteins under carbon starvation revealed that proteins involved in transport, the transcription/ translation process and carbohydrate metabolism were the major functional categories, while poly-β-hydroxyalkanoate (PHA), previously accumulated in cells, was remobilized after stress. Glucose, as the sole carbon source in the defined medium, was broken down by Entner-Doudoroff and reductive pentose phosphate (PP) pathways. Carbohydrate catabolism-related proteins were down-regulated under light regardless of the growth phase, probably due to inhibition of respiration by light. In contrast, responses of amino acid metabolisms to light regimen varied among different proteins during growth phases depending on cellular requirements for proliferation, growth or survival. Fluorescence induction and relaxation measurements suggested that functional absorption cross-sections of the photosynthetic complexes decreased during the dark period and always recovered to about the previous level during the light period. Although the photosynthetic genes in R. litoralis OCh149 are located on the plasmid, these data indicate the regulatory mechanism of photoheterotroph metabolism by both carbon and light availability.
On the ocean surface, 15%-25% of microbial communities consist of the Roseobacter clade, occupying diverse marine habitats (6, 7, 55) . Some members of this clade are aerobic anoxygenic phototrophic bacteria (AAPB), which possess bacteriochlorophyll a (BChl a) and utilize sunlight as additional energy for their heterotrophic growth (2, 25) . In addition to their ecological significance and biogeographic properties, a wide range of physiological features and capabilities have been revealed, such as symbiosis with algae (54) , degradation of dimethylsulfoniopropionate (20) , CO oxidation (32) , and denitrification (16) . Including generalists as well as specialists, the clade plays a significant role in marine biogeochemical cycles (35) . Over the past two decades, from the first strain identified to the first genome sequenced, a great deal of knowledge has been gained for a better understanding of their enormous success in marine environments (32, 46) . So far, 39 genomes of Roseobacter strains have been completely sequenced and annotated (up to 7 March 2012). Furthermore, some functional post-genomic studies have been carried out to examine predictive frameworks and explore metabolic pathways, such as the proteomic and fluxomic responses of Phaeobacter gallaeciensis and Dinoroseobacter shibae to different growth phases and the availability of glucose (53, 60) . In contrast to the well-studied heterotrophic properties, especially the heterotrophic metabolic pathways of the Roseobacter clade, little is known about the proteomic response of photoheterotrophic growth in this clade (4) .
Among the AAPB members in the marine Roseobacter clade, Roseobacter litoralis OCh149 is of special interest for photoheterotrophic studies. Unlike its closest phylogenetic species R. denitrificans OCh114, R. litoralis OCh149 features pufLM genes located on a linear plasmid and a much lower cellular content of BChl a (40, 46) . The photosynthetic genes in R. litoralis OCh149 are obtained presumably through horizontal gene transfer (41) . This special genomic organization of R. litoralis OCh149, distinct from all other BChl a containing members of the Rosobacter clade, makes it a specific model for photoheterotrophic metabolism. Considering the unusual location of the photosynthetic genes, we carried out proteomic analysis of R. litoralis OCh149 in response to carbon starvation in the stationary growth phase and light regimen in different growth phases, and demonstrated not only its photoheterotrophic property, but also the mechanism involved in starvation-and lightregulated proteins.
Materials and Methods

Cultivation of experimental bacterium
The R. litoralis OCh149 strain was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany). It was maintained and precultured aerobically at 25°C in rich organic medium (58) , and stirred at a rate of 120 rpm in the dark. To simplify metabolic process analysis, a reported defined marine minimal medium (MMM) (27, 36) was used in the present study. Cells on entering the exponential phase (1/2 ODmax) were used to inoculate the main cultures, which were sampled for subsequent analysis. The main cultures were grown in 250 mL Erlenmeyer flasks containing 100 mL MMM. The final concentration of the carbon source in 100 mL MMM was provided by 0.2 g glucose.
Two groups of cells were incubated in a growth chamber (Conviron, Winnipeg, Canada) with four incandescent lamps (low light intensity 30 μE m −2 s −1 ): (1) light regimen incubation (light/ dark cycle of 12 h:12 h), providing the dark period necessary for the synthesis of BChl a to retain the availability of the photosynthetic apparatus (PA); and (2) dark incubation (bottles wrapped tightly with aluminum foil), abolishing photosynthetic activity, as the control. The growth curves (Fig. S1C ) of R. litoralis OCh149 in both experimental and control groups were determined by measuring optical density at 600 nm. Cells were harvested in either the exponential (after incubation for 118 h) or stationary phase (after incubation for 190 h) by centrifugation at 10,000×g for 10 min at 4°C. The resulting pellets were stored at −80°C until proteomic analysis was performed.
2D-GE
The cell pellets were suspended in 1 mL lysis buffer (7 M urea, 2 M thiourea, 2% CHAPS, 1% DTT, 4% TRITON-X 100, 2% carrier ampholytes, 5% protease inhibitor cocktail) (17) . After incubation at room temperature for 30 min with period vortexing, the suspensions were sonicated on ice and centrifuged. The supernatants were directly taken for measurement of protein concentration with the RC DC kit (Bio-rad Laboratories, Hercules, CA, USA). The 2D-GE analysis was performed as follows: In brief, for isoelectric focusing (IEF), approximately 100 μg protein was loaded onto each precast 18 cm immobilized non-linear pH 4-7 strip (Bio-Rad Laboratories) and the strips were rehydrated for 12 h. IEF was carried out in an Ettan IPG-phor3 System (GE Healthcare, Buckinghamshire, UK). SDS-PAGE was carried out on 11.5% polyacrylamide gels in an Ettan DALT apparatus (GE Healthcare). To analyze the reproducibility of 2D gels, we repeated the experiments three times for each sample. Proteins were visualized using silver staining and scanned with an Image Scanner II system (GE Healthcare). Images were analyzed and quantitatively compared using PDQuest 8.0 Software (Bio-Rad Laboratories). After loading the gel images of each growth phase into PDQuest, the same set of triplicate gels was grouped together to determine the average quantities of the protein spots. There were two groups for each growth phases, the dark group and the light regimen group. The "dark" group was chosen as the control group. Spot intensities were normalized according to the mode "total quantity of valid spots" and analyses were performed in quantitative and qualitative modes. The confidence threshold for up-and down-regulation of protein spots was set at two-fold above or below the spot intensity seen in the control.
MALDI-TOF/TOF-MS/MS analysis
The in-gel digestion of proteins was performed according to a previous protocol with modifications (45) . Protein spots of interest were cut from the silver-stained gels and were destained with a solution of 15 mM potassium ferricyanide and 50 mM sodium thiosulfate (1:1) for 20 min at room temperature. The gel pieces were then washed twice with deionized water, shrunk by dehydration in acetonitrile (ACN), and then swollen in digestion buffer containing 10 mM ammonium bicarbonate and 4 ng μL −1 trypsin (Promega, Madison, WI, USA) at 4°C. After 30 min incubation, the pieces were digested for more than 12 h at 37°C. Peptides were extracted twice using 5% trifluoroacetic acid (TFA) in 50% ACN. The extracts were dried under the protection of N2. MALDI-TOF/ TOF analysis was carried out on an AB Sciex TOF/TOF 5800 (Applied Biosystems/Life Technologies, Carlsbad, CA, USA). Peptides were eluted onto the target with 0.7 μL matrix solution (acyano-4-hydroxy-cinnamic acid in 0.1% TFA, 50% ACN). Samples were allowed to air dry before loading them into the mass spectrometer.
LC-MS/MS analysis
Cellular proteins without fractionation from each treatment were obtained using a gel-free approach and digested according to filteraided sample preparation as outlined by Jacek et al. (57) before being loaded onto nano-LC using an Ettan MDLC capillary LC system (GE Healthcare). Peptides were trapped and captured using a 100 μm i.d.×15 mm long pre-column packed with 200 Å, 5 μm MAGIC C18AQ particles. Peptides were separated on a 75 μm i.d.×150 mm long analytical column packed with 100 Å, 5 μm MAGIC C18AQ particles. Peptides were eluted using an acidified (formic acid, 0.1% [v/v]) water-acetonitrile gradient (5-35% acetonitrile for 60 min, 35%-95% acetonitrile for 35 min) at 250 nL min −1 . Mass spectrometry was performed on a LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with NSI. Data-dependent MS/MS spectra were obtained simultaneously. The heated capillary temperature and spray voltage were 200°C and 2.2 kV, respectively. The MS scan range was 300-2,000 m/z with a resolution R = 60,000 at m/z 400. For each cycle, the five most abundant ions from MS analysis were selected for MS/ MS analysis using a collision energy setting of 35%. The dynamic exclusion settings were as follows: repeat count 1, repeat duration 30 s, exclusion duration 180 s. The experiments were repeated twice and these results were combined into the final result.
MS/MS data analysis
For MALDI-MS/MS spectra, all data searches were performed using MASCOT version 2.1 (Matrix Science, London, UK). The following settings were used: NCBInr database (release 20070627; 4182491 sequences; 1439956234 residues), bacteria, trypsin digestion with one missing cleavage, peptide tolerance of ±0.2 Da, fragment mass tolerance of ±0.3 Da, and possible oxidation of methionine.
For LC-MS/MS spectra, each data set was matched using Bioworks 3.2 software (Thermo Fisher Scientific, Waltham, MA, USA) against the R. litoralis OCh149 protein file containing 4,746 protein entries compiled from the annotation of the R. litoralis OCh149 genome (downloaded from NCBI on 24 March 2010, http://www.ncbi.nlm.nih.gov/). To estimate the false positive rate (FPR), reverse sequences of the R. litoralis OCh149 protein file were added to the database. The SEQUEST parameters were set to allow 0.5 Da fragment ion tolerance and 2 missed internal cleavage sites by trypsin. The results of the SEQUEST search were filtered using the Trans-Proteomic Pipeline 4.2.1 (downloaded from http:// tools.proteomecenter.org/TPP.ph) with the minimum PeptideProphet and ProteinProphet thresholds set at 0.05 and 0.9, respectively. The criterion for protein identification was that at least one of its unique peptides was identified in three or more spectra or that at least two of its unique peptides were identified in one or more spectra. We applied reverse-database searching to determine the FPR. No sequence from the reversed database was detected in the results.
Morphological and physiological analysis
Cells of R. litoralis OCh149 for ultrastructural analysis were collected by centrifugation at 5,000×g for 15 min, and fixed in 0.1 M phosphate buffer (2.5% glutaraldehyde) for 12 h at 4°C. Cells were dehydrated with ethanol and treated for embedment in Spurr resin (Sigma-Aldrich, St. Louis, MO, USA). After ultrathin sectioning, the samples were observed under a transmission electron microscope.
The in vivo photophysiological parameter of the functional absorption cross section (σ) was measured using the FIRe fluorometer system (Satlantic, Halifax, Canada) at 12 h intervals of sampling, as described previously (50) . Fluorescence signals were separated using the infrared filter (880 nm, 50 nm bandwidth) for BChl a fluorescence, and the total duration of signal photosynthetic turnover was 400 μs, which gradually closed the reaction centers, and average signals were obtained from 30 iterations of one sample.
We analyzed the C:N ratio of cells retained on a precombusted glass-fiber filter (Whatman GF/F, Whatman/GE Healthcare, Buckinghamshire, UK) with a Vario EL III elemental analyzer (Elementar Analysensysteme, Hanau, Germany). Triplicate samples were run, and the results were converted and calculated as atoms.
Results and Discussion
Abundant proteomic profiles of R. litoralis OCh149 in carbon starvation LC-MS/MS proteomic analysis of the cells harvested in the stationary phase showed that light incubation yielded 710 unique peptides corresponding to 206 proteins, while dark incubation yielded 844 unique peptides corresponding to 219 proteins. Taken together, 271 abundant proteins (154 common proteins shared by both incubations) were identified from 1,119 unique peptides that collectively matched 3,315 tandem spectra.
All detected proteins were divided into 11 groups by functional category (Fig. 1) . Based on the number of tandem spectra, the transporters registered the largest proportion, accounting for 26% of the total. The percentages of housekeeping proteins, including proteins involved in carbohydrate metabolism, transcription/translation process, stress response, amino acid metabolism and photosynthetic/ oxidative phosphorylation, ranged from 8% to 13% of the total number of tandem spectra. Other proteins, which were not associated with definite metabolic processes, accounted for 7%. Unknown proteins, expressed by genes encoding hypothetical or conserved hypothetical proteins, amounted to 9% of the detected spectra. The results concerning the proteome in the stationary phase using LC-MS/MS revealed abundant proteins and represented the dominant metabolism of R. litoralis OCh149 under carbon-limited conditions.
Central metabolic pathways of R. litoralis OCh149
Based on the abundant proteomic profiles, the central metabolic pathways in R. litoralis OCh149 were characterized. This not only allowed improved understanding of the carbon metabolism initiated by glucose, but provided clues to the exploited nutrient metabolism as glucose became gradually unavailable. The deduced central pathways included carbohydrate, amino acid, fatty acid and purine/ pyrimidine metabolisms (Fig. 2) .
Carbohydrate metabolism is fundamental for bacterial heterotrophic metabolism, providing carbon skeletons, energy and intermediate products. In general, there are three metabolic pathways for the utilization of glucose as a carbon source: the Embden-Meyerhof-Parnas (EMP) pathway, the Entner-Doudoroff (ED) pathway and the pentose phosphate (PP) pathway (oxidative and non-oxidative). In the genome of R. litoralis OCh149, all the genes required for the ED pathway are present, while pfk (6-phosphofrucokinase) and pgd (6-phosphogluconate dehydrogenase) genes, which encode the key enzymes of the EMP and the oxidative PP pathway, respectively, are missing. In this study, Edd, Eda (2-keto-3-deoxy-phosphogluconate aldolase, see the 2-DE results below) and Tkt proteins were identified. The combination of genomic and proteomic data implied that R. litoralis OCh149 used the ED pathway for glucose breakdown and the non-oxidative PP pathway for nucleic acid, ATP and coenzymes synthesis.
For comparison of the glucose metabolic pathways in R. litoralis OCh149 and other members of the marine Roseobacter clade, all 39 available genomes were investigated ( Table 1 ). The non-oxidative PP pathway exists in all 39 known Roseobacter genomes and almost all have the eda gene, except Roseovarius nubinhibens ISM and Roseovarius sp. 217. The EMP pathway only exists in Citreicella sp. SE45, Oceanicola granulosus HTCC2516, Pelagibaca bermudensis HTCC2601, Dinoroseobacter shibae DFL12, Maritimibacter alkaliphilus HTCC2654 and Sagittula stellata E-37, with the first two strains possessing all five key genes of the three metabolic pathways, while the EMP pathway has not been reported to be active in AAPB, such as D. shibae DFL12, which has been shown to catabolize glucose exclusively via the ED pathway (53) . In contrast, some anaerobic anoxygenic phototrophic bacteria (AnAPB) do not possess the related genes in the ED pathway (52) . This indicates that the ED pathway is mainly restricted to aerobic prokaryotes (both bacteria and archaea) (8, 15, 51) and members of the Roseobacter clade belong to AAPB, which depend on molecular oxygen to synthesize BChl a, suggesting that the ED pathway may have a significant role in glucose metabolism in AAPB (53, 60) .
In order to further examine the central metabolism, the TCA cycle and anaplerotic pathways were reconstructed from the proteomic data. The capability for synthesis of amino acids (alanine, asparate, cysteine, serine and glutamate etc.), fatty acids and poly-β-hydroxyalkanoates (PHAs) was verified ( Fig. 2) . These substances were converted from glucose and contributed to the dissolved organic carbon pool in the cells; some of the substances could even be transformed to inclusion bodies for carbon storage in the cells (29) . For example, PHAs are universal prokaryotic storage material with the proposed designation "carbonosome" (22) . In heterotrophic bacteria they are accumulated under unbalanced growth conditions (N or P starvation) when carbon sources are still available, and provide the cells with carbon and energy when the external sources are deficient (60) . R. litoralis OCh149 proteomic data provided evidence of the enzymes for the synthesis of PHAs. Six genes are involved in PHA biosynthesis and are organized into two distant clusters (phaAB and phaZCPR) in the R. litoralis OCh149 genome. The proteins encoded by three of these appeared in our proteomic data: PhaA, PhaB and PhaR. The existence of PHAs in R. litoralis OCh149 was also observed using electron microscopy of ultrathin sections and the identity of PHAs was also confirmed with Nile Blue staining (data not shown). In the cytoplasm of cells from pre-cultivation (rich organic medium), PHA granules were clearly accumulated (Fig. 3A) , while in research about phototrophic bacteria, growing photoautotrophically under balanced or unbalanced conditions, glycogen was much more heavily accumulated than PHAs (14) . The accumulation of PHAs in R. litoralis OCh149 therefore highlighted its heterotrophic characteristics. When R. litoralis OCh149 suffered from nutrient limitation in the stationary phase, the previously accumulated PHA granules were found to be smaller or even disappeared from the cells (Fig. 3B ). This indicated that PHAs were degraded as carbon and energy sources during starvation; however, PhaZ (polyhydroxyalkanoate depolymerase), responsible for catalyzing the depolymerization of PHAs, was not detected. This could Fig. 2 . Central metabolic pathways of R. litoralis OCh149 in the stationary phase. Enzymes identified using LC-MS/MS are highlighted. Abbreviations (metabolites): GLC, glucose; FRU, fructose; F-6-P, fructose-6P; F-1,6-P, fructose-1,6P; GAP, glyceraldehyde-3P; 1,3-PG, glycerate-1,3P; 3-PG, glycerate-3P; 2-PG, glycerate-2P; PEP, phosphoenol-pyruvate; PYR, pyruvate; OAA, oxaloacetate; CIT, citrate; CACT, cis-aconitate; ICI, isocitrate; OASUC, oxalosuccinate; AKG, 2-oxo-glutarate; 3-C-1-HThPP, 3-carboxy-1-hydroxypropyl-ThPP; SUCCDHL, Ssuccinyldihydrolipoamide-E; SUCOA, succinyl-CoA; SUC, succinate; FUM, fumarate; MAL, malate; G-6-P, glucose-6P; 6-PGL, 6-phosphogluconolactone; 6-PGT, 6-phosphogluconate; KDPG, 2-dehydro-3-deoxygluconate-6P; E-4-P, erythrose-4P; XU-5-P, xylulose-5P; S-7-P, sedoheptulose-7P; R-5-P, ribose-5P; GLU, glutamate; GLN, glutamine; GAM-6-P, glucosamine-6P; Ala-L, L-alanine; Ala-D, D-alanine; Asp, asparatate; ARGSUC, arginino-succinate; ASUC, adenylo-succinate; 3-P-HPYR, 3P-hydroxy-pyruvate; P-SER, phosphoserine; SER, serine; O-Ac-SER, O-acetyl-serine; CYS, cysteine; TRP, L-tryptophan; ALAC-S, (s)-2-acetolactate; 23DHMB, (R)-2,3-dihydroxy-3-methylbutanoate; ILEU, isoleusine; VAL, valine; HTHPP, 2-hydroxyethyl-ThPP; ACDDL, S-acetyl-dihydrolipoamide-E; AC-CoA, acetyl-CoA; ACAc-CoA, acetoacetyl-
; AC, acetate. Abbreviations (enzymes): XylA, xylose isomerase; Pgi, glucose-6-phosphate isomerase; Zwf, glucose-6-phosphate-1-dehydrogenase; Fba, fructose-bisphosphate aldolase; Gap, glyceraldehyde-3-phosphate dehydrogenase; Eno, enolase; Pyk, pyruvate kinase; Pyc, pyruvate carboxylase; Edd, phosphogluconate dehydratase; Tkt, transketolase; Prs, ribose-phosphate pyrophosphokinase putative; GltA, citrate synthase; Acn, aconitate hydratase; Icd, isocitrate dehydrogenase (NADP-dependent); SucA, alpha-ketoglutarate dehydrogenase; SucC, succinyl-CoA synthetase, beta subunit; SucD, succinyl-CoA synthetase, alpha subunit; SdhA, succinatedehydrogenase flavoprotein subunit; FumC, fumarate hydratase; Mdh, malate dehydrogenase; Ald, alanine dehydrogenase; Dat, D-alanine aminotransferase; AspC, aspartate aminotransferase; Adss, adenylosuccinate synthetase; ArgG, argininosuccinate synthase; CysE, serine acetyltransferase; CysK, O-acetylserine sulfhydrylase; TrpA, tryptophan synthase, alpha subunit; TrpB, tryptophan synthase, beta subunit; IlvC, ketol-acidreductoisomerase; IlvD, dihydroxy-acid dehydratase; IlvE, branched-chain amino acid aminotransferase; Glud, glutamate dehydrogenase; GlnA, glutamine synthetase, type I; GlmS, D-fructose-6-phosphate amidotransferase; PdhA, pyruvate dehydrogenase complex, E1 component, alpha subunit; AceF, dihydrolipoamide acetyltransferase; PhaA, acetyl-CoA acetyltransferase; PhaB, acetoacetyl-CoA reductase; PhaR, polyhydroxyalkanoate synthesis repressor; FabA, 3-hydroxydecanoyl-ACP dehydratase; FabB, 3-oxoacyl-(acyl-carrier-protein) synthase; Acs, acetyl-coenzyme A synthetase. Detailed information about the proteins is provided in supplemental material Table S1 .
be due to the effects of other molecular mechanisms for PHA degradation. First, PhaR plays a negative role in the regulation of PHA synthesis (12, 28) . Excess PhaR can repress the expression of PhaP (Phasin) by binding to upstream DNA regions of phaP and phaR (39) . This could also explain why PhaR was detected, but PhaP was not detected in the present study. Second, PHA-associated proteins may also contribute to PHA degradation. PHAs are complexly organized subcellular structures with many proteins on the granule surface, some of which are essential for PHA metabolism (22) . Further work is necessary to reveal the in vivo functions of these proteins.
Transporter proteins in R. litoralis OCh149
The large proportion of transporter proteins, as revealed by LC-MS/MS, was a noteworthy finding (Fig. 1) . As Gramnegative bacteria, R. litoralis OCh149 exchanges substances and uses porins as molecular sieves in the outer membrane to allow hydrophilic molecules into the periplasmic space (3). In our experiment, three transport systems were detected: ABC transporters, TRAP transporters and porins. Spectra of ABC and TRAP transporters in particular accounted for 20% of the total spectra overall. This number situates R. litoralis OCh149 next to a mostly oligotrophic-adapted ubiquitous heterotrophic clade SAR11 (28%-35%) but above the phototrophic representative Rhodobacter sphaeroides (11%) (9, 47) . This means that the ability of nutrient scavenging in R. litoralis OCh149 is more effective than in photoautotrophic bacteria, but less than in typical heterotrophic bacteria. From the viewpoint of physiology, this may be because ATP converted from light energy can substitute for the energy generated from organic substrate oxidation. A transcriptomic study of coastal bacterioplankton showed that Roseobacter is the taxon with the most abundant dissolved organic carbonrelated transporter sequences (37) . Roseobacter and SAR11, two clades of ubiquitous and abundant bacterioplankton in the surface ocean (18, 19, 34) , possess a high proportion of transporters, which can be interpreted as an advantageous adaptation to diverse marine habitats and an ecologic strategy in low-nutrient environments. In addition to abundant transporters, further details on dissolved organic matter (DOM) utilization could be obtained. Among the ABC transporters, extracytoplasmic solute receptors (ESR) were identified, which were involved in the binding of amino acid, branched amino acid, peptide, sugar, mannitol, ribose, phosphate, phosphonate, ferric ion, and tungstate, and among the TARP transporters which were distributed across DctP and TAXI families, only C4-dicarboxylate-binding proteins were detected as ESR (Fig.  4 , Table S1 ). In particular, glutamate/glutamine/aspartate/ asparagine-binding protein was the most frequently detected, accounting for 26% of the total transporter spectra. The pathway for the synthesis of glutamate and aspartate from glucose could also be inferred (Fig. 2) . This indicated that glutamate or aspartate is an important carbon and nitrogen source for R. litoralis OCh149. The dominant uptake of amino acid by R. litoralis OCh149 might explain the decrease of the bacterial carbon: nitrogen (C:N) ratio during its growth process (from 5.47±0.33 at the beginning to 3.86±0.02 at the end of culture). Such selective utilization of substrates may also influence the ambient DOM composition, which supports the proposition of the microbial carbon pump in the ocean (23) . Transport systems for spermidine/putrescine and dicarboxylate were also detected and were considered to contribute to the uptake of algal osmolytes and the subsequent photo-oxidative products of DOM released by algae (10, 32, 33) . Silicibacter pomeroyi DSS-3 and R. litoralis OCh149 genomes analyses, as genetic proofs, revealed the significant feature of the transport systems for algal osmolytes (13, 32) . Roseobacter clade members commonly attach to, or live symbiotically with algae in the field (42, 54, 56), such as R. denitrificans with Enteromorpha linza (46), and Dinoroseobacter shibae DFL12 with a dinoflagellate (5). This indicates that Roseobacter closely associates with algae by substrate transporters, which are necessary for the transformation and uptake of DOM released from photosynthetically fixed organic carbon by phytoplankton (11).
Light-induced differential protein expression in different growth phases
The results of comparative by 2D-GE proteomic analysis of cells harvested in both exponential and stationary phases provided insights into the differences in proteomic responses to light and nutrient stresses ( Fig. 5 and 6 ).
From cells in the exponential phase, 109 proteins were reported to exhibit differential expressions (Table 2) , with 24 proteins being up-regulated and 85 proteins downregulated under the light regimen. In particular, three protein groups were exclusively down-regulated, including transporters (14 proteins), those involved in the photosynthetic/ oxidative phosphorylation process (two proteins) and fatty acid metabolism (two proteins), and one protein group involved in chemotaxis (one protein) was exclusively upregulated. From cells in the stationary phase, 60 proteins were shown to be differentially expressed (Table 3) , with 21 proteins being up-regulated and 39 down-regulated under the light regimen. Two protein groups, namely those involved in the stress response (one protein) and fatty acid metabolism (three proteins), were exclusively down-regulated, and one protein group associated with purine/pyrimidine metabolism (one protein) was exclusively up-regulated.
In five functional categories of metabolism, downregulated proteins outnumbered up-regulated proteins under the light regimen in both exponential and stationary phases, including amino acid metabolism, carbohydrate metabolism, and fatty acid metabolism, as well as other proteins and unknown proteins (Fig. 7) . In some metabolic processes, such as transporters, transcription/translation, photosynthetic/ oxidative phosphorylation, down-regulated proteins dominated exclusively in the exponential phase, while stress proteins and chemotaxis proteins were markedly up-regulated. Purine/pyrimidine metabolism-related proteins were mainly down-regulated in the exponential phase but up-regulated in the stationary phase (Fig. 7) .
Glycolysis and TCA cycle-related proteins were enhanced in both exponential and stationary phases under dark conditions, and Eda protein, essential for the ED pathway, was also up-regulated in the exponential phase in the dark (Table 2 ). In addition, the abundance of fructose 1,6-bisphosphate aldolase (Fba), as determined by the above LC-MS/MS results, was higher in the dark (10 spectra) than in the light regimen condition (5 spectra) (Fig. 2, Table S1 ). These indicated that glucose catabolism was inhibited by light in R. litoralis OCh149 due to the common electron carriers shared by photosynthetic and respiratory electron transfer systems (21, 59) ; however, Synechocystis sp. PCC 6803, an oxygenic photoautotroph, exhibits light-activated heterotrophic growth (LAHG) with the induced expression of Fba (49), and LAHG is common to other photoautrophic organisms (61) . The differential responses of heterotrophic growth to light between the two phototrophic clades (anoxygenic and oxygenic) were also verified in field research, which demonstrated that light enhanced leucine incorporation by Cyanobacteria, while there was no such reaction in AAPB (30) . Furthermore, in the present experiment, the synthesis of peptidoglycan (nagZ) and lipopolysaccharide (rfbA, xanB, kdsD), the metabolism of gluconeogenesis and other carbohydrates (tpiA, glgC, mvaB, pgl, gtaB) were also activated in the dark. CO oxidation by members of the widespread Roseobacter clade, which is a non-ignorable process in the global carbon cycle, was examined previously through their genome sequences (7, 31, 32, 48) . Here, carbon-monoxide dehydrogenase G protein (coxG), which can oxidize CO, was detected and repressed by light. Further, by carbonic anhydrase, the production of CO2 was attached to PEP, or PYR to form OAA, as a CO2 assimilation process. The response of amino acid metabolism to light varied with the growth phase. In the exponential growth phase, the majority of differentially expressed proteins were downregulated under light, which participated in the synthesis of serine (serA/B), cysteine (cysE), tryptophane (trpC), leucine (leuB), glutamine (ipuC), aspartate (aspB), threonine (thrC), proline (arcB), histidine (hisA), aromatic (aroG) and other branched-chain amino acids (ilvH). In the stationary growth phase, the up-regulated proteins were involved in the synthesis of glutamate (gill), histidine (hisA) and aromatic amino acid (aroG), while the down-regulated proteins were pertinent to the synthesis of alanine (alr), arginine (argF) and branched-chain amino acid (ilvE). The above data implied that eugonic cells enhanced amino acid synthesis in dark conditions so as to support cell growth and proliferation with enough carbon and nitrogen sources. The metatranscriptomic results for the microbial community also suggest that nighttime accumulation of amino acid is an important pathway of cellular nitrogen storage (38) . Furthermore, in the stationary phase, cells under the light regimen and dark conditions may require different amino acids as a result of the light-stimulated cellular DOM availability to heterotrophic metabolism (1), and light-enhanced synthesis of glutamate in the stationary phase may be involved in the production of glutathione that protects cells against light stress. Considering leucine, in the exponential phase it was synthesized and converted into components of general metabolism, such as acetoacetate and acetyl-CoA, to participate in active carbohydrate metabolism, and the initiation of the stationary phase led to its degradation in the dark by the detection of down-regulated isovaleryl-CoA dehydrogenase (ivd).
The response of photosynthetic units in R. litoralis OCh149 to the light regimen was directly followed by fluorescence induction and relaxation (FIRe) measurements that generated variable BChl a fluorescence transients (26) . Analysis of the induction kinetics provided information on the functional absorption cross-section (σ) size of the photosynthetic unit (reaction center and light-harvesting systems) (24) . The timeseries detection of the value at 12 h intervals showed that it displayed a mild increase under light conditions, but under dark incubation it decreased reversibly at the end of the dark period and reached an elevated level after 12 hours of light (Fig. 8) . This indicated that low light intensity stimulated the synthesis of the light-harvesting complexes. In some purple photosynthetic bacteria, such as Rhodopseudomonas palustris and Rhodospirillum photometricum, more antenna rings developed under low-light conditions (43, 44) . In addition, proteins related to stress and chemotaxis were up-regulated in the exponential phase. This phenomenon may be considered as the response of active cells to light stimulation by the functioning of PA proteins.
In summary, light can regulate R. litoralis OCh149 photoheterotrophic metabolism by inhibiting its carbohydrate metabolism and stimulating the formation of a functional absorption cross-section and cellular chemotaxis. In addition, in different growth phases, light can enhance different types of amino acid biosynthesis.
Conclusions
Proteomic analysis of R. litoralis OCh149 in the present study provided evidence for an adaptive mechanism in AAPB to stressful environments and the role of light in regulating photoheterotrophic metabolism. The significant proportion of transporters in R. litoralis OCh149 demonstrated its effective strategy for rapid carbon/nutrient acquisition; the observed PHA storage and re-utilization showed an intracellular carbon regulation mechanism of R. litoralis OCh149 in accordance with extracellular carbon availability. The recorded high proportion of periplasmic glutamate/glutamine/ asparate/asparagines-binding proteins in the total transporter spectra along with their corresponding metabolism pathways confirmed the preference for glutamate by R. litoralis OCh149, suggesting bacterial selective use of carbon sources. Light-induced variations in carbohydrate and amino acid metabolism indicated that light plays a role in the regulation of heterotrophic metabolism in AAPB. These findings indicate that proteomics allow the analysis of comprehensive mechanisms such as metabolic adaptations to environmental conditions. Further proteomic study of more AAPB type strains will provide insights into photoheterotrophic processes mediating carbon and energy cycles in the ocean. 
